Three thousand two hundred and ninety-eight patients admitted to our Stroke Unit with hemorrhagic, large artery atherosclerosis, cardioembolic, small-vessel occlusion, and undetermined etiology-cryptogenic strokes were included in the study. The circadian variability in onset in each stroke subgroup and the associations with various risk factors were analyzed. In each subgroup, a significant minority of patients suffered from stroke during sleep. In the ischemic group, hypercholesterolemia, paroxysmal atrial fibrillation, and previous myocardial infarction facilitated the onset during waking. During waking, stroke onset was significantly higher in the morning compared to the afternoon both in the hemorrhagic and in the ischemic type. In hemorrhagic stroke, a previous stroke was associated with a lower early morning occurrence. In large artery atherosclerosis stroke, males were at higher risk of early morning occurrence ( < 0.01). In small-vessel occlusion stroke, hypertension is significantly more present in the morning compared to the afternoon onset ( < 0.005). Circadian patterns of stroke onset were observed both in hemorrhagic and in ischemic stroke, irrespective of the ischemic subgroup. In all groups, stroke was more likely to occur during waking than during sleep and, in the diurnal period, during morning than during afternoon. Moreover, sex and some clinical factors influence the diurnal pattern.
Introduction
Circadian variation in stroke onset has been analyzed since the early 1970s, but until the beginning of the new millennium data were very discordant [1, 2] . In 1998 a meta-analysis [3] revealed a higher frequency of onset stroke in the morning with a lower risk during the night. In the last 20 years other studies have contributed more information especially in highlighting some differences in the various etiological subtypes. However, some data remain discordant (see Table 1 for details). Moreover, risk factors have been given little consideration in relation to daily onset in stroke subtypes and mostly without significant results [4, 5, 10, 17, [32] [33] [34] [35] [36] [37] . However, most authors have not studied the subtype simultaneously or, when done, the number of patients was too small to investigate the difference in circadian onset or the association between circadian rhythms and risk factors in the various stroke subtypes.
The aim of our study was to investigate the circadian characteristics in stroke subtypes. Moreover, we analyzed the association among rhythms and some risk factors.
Patients and Methods
Our results are based on a retrospective, single-center study of consecutive patients admitted to the Stroke Unit of the Institute for Neurological Disease of Bologna, Italy, over 10 years (January 2004-December 2013). All patients admitted to the Stroke Unit were recruited for the study. The study was approved by the local ethical committee (approval 272/CE, project 16021). The Stroke Unit is situated within the Institute of Neurological Sciences, with a catchment area of about 2 Stroke Research and Treatment Patients with subarachnoid hemorrhage were not admitted to our clinic unit and so they were not recruited for the study. Stroke onset time was defined as the time at which the patient or a witness first noted clear neurological signs. Determination of the stroke onset time was possible in 3,689 patients. The impairment caused by the stroke was objectively evaluated by the National Institutes of Health Stroke Scale (NIHSS). The degree of disability was measured according to the modified Rankin Score (mRS) [47, 48] .
Statistical Analysis.
Continuous variables are presented as mean and standard deviation (SD) while categorical variables as absolute frequency (percentage). ANOVA and chi-square were used to compare variables among subtypes of stroke. The survival curves were estimated with the KaplanMeier method and were compared with log-rank test of equality of survivor functions. Hazard ratios (HR) and 95% confidence intervals (95% CI) are presented. Differences in the proportions of stroke during the diurnal period were performed with time of onset divided into three-hour intervals (8-11, 11-14, 14-17, and 17-20) and assessed by the proportion test. Multivariate logistic or univariate linear regressions were performed to study the association between clinical variables and different diurnal period and between awake and asleep onset. On multivariate analyses models, age, gender, previous stroke, hypertension, diabetes mellitus, previous myocardial infarction, hypercholesterolemia, permanent or acute atrial fibrillation, prestroke modified Rankin Score, and admission NIHHS were modelled as independent variables while awake/asleep or diurnal time interval were modelled as dependent variables. Odds ratio (OR), slope ( ), and 95% CI are reported when appropriate. Statistical analysis was performed using Statistical Package Stata SE, version 14.0 [49] .
Results

Population.
Data from 4,560 subjects were recorded. Five hundred patients with other cerebrovascular events or etiology and 762 with stroke but with unknown onset time were excluded from the analysis. Our study groups comprised the remaining 3,298 patients with stroke. The principal variables in each subtype are shown in Table 2 .
Age and sex did not differ between hemorrhagic and all ischemic strokes, while they significantly differed among ischemic subtypes. As expected, the other clinical variables significantly differed between ischemic and hemorrhagic stroke and among ischemic subgroups.
Asleep/Awake
Onset. At first, we analyzed the distribution of stroke occurrence during sleep and during awake periods. In the sleep period we included patients that became aware of the stroke on awakening in which we did not know the exact hour of onset.
About one-quarter (770 out of 3,298 patients) of stroke patients suffered from stroke during sleep ( < 0.001 sleep onset versus asleep onset). This pattern was observed in each stroke subgroup (Table 2) .
Except for a slightly less seniority in the whole ischemic group with asleep onset compared to awake onset (OR = 0.98, 95% CI = 0.97-0.99), no other demographic data were different between awake and asleep onset, while some pathophysiological characteristics modified the awake/asleep onset pattern in some subgroups (Table 3 ). In the whole ischemic group, hypercholesterolemia (OR = 1.28, 95% CI = 1.03-1.60), paroxysmal atrial fibrillation (OR = 1.70, 95% CI = 1.14-2.55), and previous myocardial infarction (OR = 1.38, 95% CI = 1.03-1.86) facilitated the awake onset. The main differences observed in hypercholesterolemia are substantially related to the CRY subgroup (OR = 1.67, 95% CI 1.10-2.49). On the contrary, in the whole ischemic group, the fact of having had a previous stroke is associated with asleep onset (OR = 0.77, 95% CI = 0.60-0.99). This difference is due to CE (OR = 0.62, 95% CI = 0.40-0.98) and LA (OR = 0.62, 95% CI = 0.18-0.98). Paroxysmal atrial fibrillation is associated with asleep onset in the hemorrhagic group (OR = 0.35, 95% CI = 0.14-0.82). No other clinical factor is associated with awake/asleep onset period in other subgroups.
No association of the admission NIHSS and prestroke mRS was observed with awake or asleep onset. The awake/asleep onset period is however associated with different degrees of mRS at hospital discharge in some subgroups. Ischemic stroke showed a worse disability mRS ( = 0.14, 95% CI = 0.02-0.26, and = 0.032) in asleep onset. This difference is associated with fibrinolysis ( = 0.41 ± 0.10, 95% = CI = 0.21-0.62, < 0.001), which was performed in ischemic patients if the hospital arrival time was soon after stroke onset. In these subgroups fibrinolysis was associated with a better discharge mRS ( = 0.39, 95% CI = 0.01-0.778, and = 0.047 in CE and 0.55, 95% CI = 0.86-0.23, and = 0.001 in CRY). Hemorrhagic stroke showed a slightly worse disability score at discharge in awake onset ( = 0.30, 95% CI = 0.10-0.55, and = 0.043) compared to asleep onset. No clinical variables were correlated with these features.
Asleep onset ischemic stroke patients had a 1.33 higher risk of death within the first month of stroke compared to awake onset patients (HR = 1.33, 95% CI = 1.04-1.72, Figure 1(a) ). This difference is due to the CE subgroups, in which this risk is 1.55 higher in asleep compared to awake onset (HR = 1.55, 95% CI = 1.10-2.19) (Figure 2(a) ). This difference was not associated with fibrinolysis.
No difference in death rate within the first month was observed in hemorrhagic stroke (HR = 1.18, 95% CI = 0.79-1.76, Figure 1(b) ) or in the other groups (Figures 2(b) , 2(c) and 2(d)).
Diurnal Onset.
During the diurnal period stroke onset is significantly more frequent in the morning compared to the afternoon, irrespective of stroke subtype ( Figure 3 ). However, some difference in the patterns can be observed among subtypes: hemorrhagic, LA, and CRY had a more frequent onset in the first part of the morning ( < 0.001), while AT had a more frequent onset throughout the whole morning ( < 0.01) and CE exhibited a significantly lower frequency of onset in the late morning ( < 0.001). Demographic variables and risk factors were associated in a different way with circadian onset in different stroke subtypes (Table 4) .
Patients with hemorrhagic stroke in case of at least one previous stroke experienced less frequently the stroke onset in the early morning than during other diurnal periods (14% versus 39%, OR = 0.15, and 95% CI = 0.04-0.50), while hypercholesterolemia was 2.36 times less frequent in the late afternoon (17:00-20:00) onset (11% versus 26%, OR = 0.33, and 95% CI = 0.14-0.79). Sex influenced the time of onset in AT patients (OR = 2.66, 95% CI = 1.30-5.44): male patients showed a higher risk and female patients a lower risk for early morning onset compared to afternoon onset.
In LA, arterial blood pressure influenced onset times (OR = 2.25, 95% CI = 1.30-3.88): hypertensive patients showed a higher onset frequency in the early morning compared to other diurnal times while normotensive patients had almost half of the risk for early morning onset compared to other diurnal periods.
None of the other prognostic variables studied were associated with onset time in other subgroups of stroke.
CRY patients with early morning onset exhibited a slightly better admission NIHSS score compared with other times of onset (OR = 0.96, 95% CI = 0.94-0.99, Table 4 ).
Discussion
Our study, including more than 3,000 patients, confirms that both ischemic and hemorrhagic stroke occur preferentially during waking and in certain specific periods of diurnal time in accordance with most authors (Table 1) . This may depend on pathophysiological factors partially shared by patients with ischemic and hemorrhagic stroke. 
<0.001
Awake onset (%) NE = not estimable for lack of cases in at least one condition. mRS = modified Ranking Score; NIHHS = National Institute of Health Stroke Scale. AT = large artery atherosclerotic stroke; CE = cardioembolic stroke; CRY = cryptogenic stroke; LA = lacunar stroke.
Different physiological and pathological factors and different lifestyles may be responsible for and influence the onset of stroke during sleep or waking. In particular, patients with ischemic stroke that occurred during sleep were more likely to have had at least one previous stroke and to be older than patients with ischemic stroke that occurred during waking. On the contrary, in patients with a concomitant cardiovascular disease, as shown by hypercholesterolemia, previous myocardial infarction, and atrial fibrillation, the onset of ischemic stroke is likely to occur during waking.
Moreover, our study suggests, for the first time, that the time of stroke occurrence may correlate with prognosis and outcome, with differences between ischemic and hemorrhagic stroke. Patients with ischemic stroke that occurred during sleep display a worse disability level at hospital discharge compared to ischemic stroke occurred during waking and have a higher risk of death during the first month. However, no difference in the prestroke disability presence was observed. Discharge disability score was strongly due to fibrinolysis therapy performed in about 10% of awake onset CE and CRY patients. However, 30-day mortality was not influenced by fibrinolysis therapy. Our data on worse discharge disability and great mortality risk in ischemic stroke occurring during sleep are in agreement with published data [22] but we added the new information that, in ischemic stroke, this is true only for the CE group.
Hemorrhagic stroke patients with awake onset showed a worse disability level at hospital discharge but the 30-day mortality was not significantly different compared to asleep onset. Our data did not agree with published data in which authors suggested worse conditions in hemorrhagic stroke with asleep compared to awake onset [11] . However, the latter is performed on a small number of patients. A recent multicenter study reports that patients arriving in the emergency department at night or in the morning with "idiopathic" intraparenchymal hemorrhage had higher inhospital mortality than those arriving in the afternoon [38] . Our data show a slight even if not significant increase of mortality at one month from stroke, but, as can be observed in Figure 1(b) , an increase in mortality during the first and possibly in-hospital period can be suggested in our patients too.
Awake/asleep onset seems to influence prognosis in different ways in hemorrhagic and ischemic stroke since awake onset influences negatively discharge disability in hemorrhagic and positively in ischemic stroke. We observed that in our ischemic patients this is due to fibrinolysis therapy. Moreover, in the same ischemic patients we found a lower mortality during the first month after stroke in awake onset irrespective of fibrinolysis therapy.
Therefore, a new interesting feature was that awake/asleep onset seems to be in some way associated with outcome. To our knowledge this is the first report showing a correlation between outcome and awake/asleep time of occurrence in stroke subgroups.
As concerns the diurnal pattern of onset, our findings are consistent with previous studies [2, 3] in observing that stroke onset had a diurnal pattern even when controlling for other considered variables. In all strokes there is a significantly higher risk of occurrence in the morning and a lower risk in the late afternoon. This is also true in hemorrhagic stroke, in which this pattern is controversially discussed in the literature. In particular all subtypes of studied stroke occur preferably in the first few hours after awakening in accordance with many authors (Table 1) other in the afternoon for some subtype of strokes [2, 4-6, 8, 19, 20, 25, 29, 32, 34, 35] but our data did not confirm this hypothesis. In the same way we did not confirm data on higher night onset in some subgroups as reported by other, few, authors [23, [39] [40] [41] [42] . Moreover, we observed a specific diurnal time pattern in each stroke subgroup. Previous data considering onset time in specific subgroups of patient were discordant and were performed on a small group of patients; our study contributes useful information. It is interesting to note that, in hemorrhagic stroke patients, the fact of having had at least one previous stroke seems to be protective for the early morning onset compared to other diurnal periods, while hypercholesterolemia seems to favor stroke during the morning and early afternoon compared to the late afternoon. However, since these data are not corrected for oral anticoagulant and anticholesterol therapies, no conclusions can be drawn. Sex influenced diurnal onset. Males suffered significantly more frequently from stroke in the early morning than in the afternoon, while on the contrary females were less affected in the early morning than in the afternoon.
In LA patients, in which hypertension is an important predisposing factor, being normotensive protects patients from developing stroke during the highly at-risk awake period.
The pattern we observed in these cerebrovascular accidents has already been observed in other acute cardiovascular events [50] [51] [52] [53] [54] [55] [56] . This pattern parallels the reported diurnal variation in blood pressure [57] , which is higher in the morning, and higher blood pressure is accepted as a risk factor for stroke. Other different risk factors such as coagulability, epinephrine and norepinephrine, and alphasympathetic vasoconstriction are higher in the morning [6, 58] . Moreover, platelet aggregation increases significantly in the morning during the assumption of an upright posture and when beginning the daily activities [59, 60] . Daily variability in stroke occurrence can reflect autonomic nervous system modulations and even more its modifications with aging, which is suspected to facilitate stroke. Vagal tonic modulation during the night, in fact, is higher in young males and decreases with aging and it has been associated with stroke risk [61, 62] . These differences may partially justify the different circadian distribution of stroke onset between males and females and during aging. Our data suggest that the daily occurrence of stroke is significantly influenced by the circadian clock that determines biorhythms, the circadian fluctuations of vital and physiological parameters, and the subjects' activities.
Also other recurrent critical events in other diseases, not necessarily vascular ones, such as chronic airway disease [63] , rheumatoid arthritis [64] , allergic rhinitis [64] , epileptic seizures [60] , headache attacks [65] , and psychiatric disorders [66] among others, may be affected by internal biorhythms. The roles played by the circadian clock in pathologies deserve to be studied more extensively and possibly to be given better consideration for prophylaxis and treatment purposes.
Limitations
The present study has different limitations. It is a retrospective study based on data collected during hospitalization that included only patients with AT, CE, CRY, LA, or intracerebral hemorrhage stroke and thus information on other etiologies is lacking. The main limitation of this study was, however, not having considered some factors such as therapy taken before and during hospitalization, presence of disruption of circadian rhythms, subjects' activities, or other circumstances temporally close to the stroke onset as the possible effect of nocturnal blood pressure and the extreme seasonal and house humidity and temperature.
Conclusions
Our study has the strength of considering the stroke onset in relation to patient characteristics in a large cohort of patients drawn from a well-defined catchment area. An advantage is that we considered all consecutive patients admitted to a Stroke Unit over a period of 10 years. In all cases considered there was indication of precise stroke onset and if it was reported on awakening we considered it as asleep onset. Thus, we were able to consider stroke onset in relation to waking/sleep alternation as well.
Our study confirms that stroke as many other cardiovascular diseases occurs preferentially during waking and in the morning irrespective of the subtype. We observed that some risk factors are associated with time of stroke onset, suggesting that they interact with biorhythms in inducing stroke. In this context, strategies considering the specific treatment of risk factors during the circadian period of their major influence on stroke onset may ameliorate preventive and therapeutic interventions. Further efforts to study the specific aspects of circadian rhythms on cerebrovascular disease are
